
 

 

 

Resource-use by macro-
invertebrates within boreal stream 
food webs 

 

Emelie Landström 

 
 
Student 
Degree Thesis in Biology 60 ECTS 
Master’s Level 
Report passed: 24 June 2015 
Supervisor: Jan Karlsson 
 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

Resource-use by macro-invertebrates within boreal 
stream food webs 

Emelie Landström 

 
Abstract 
 
Stream food webs are supported by carbon produced within the stream (autochthonous) and 
from terrestrial environments (allochthonous). Allochthonous carbon (C) inputs are assumed 
to be the dominant C source supporting food webs within small streams, but few direct 
estimates of resource use in small streams have been made, especially in boreal streams. The 
objective of this study was to determine the relative dependence on allochthonous and 
autochthonous C by consumers in relation to C pools within streams with high terrestrial 
inputs. Furthermore, this study aimed to investigate if the relative resource use of 
allochthonous and autochthonous C by consumers differed among seasons (summer and 
fall), between streams of different sizes, and locations within the catchment. To estimate 
consumer resource use, δ2H signatures for organic C sources were compared to those of six 
key consumers in five streams of varying catchment sizes in northern Sweden. 
Macroinvertebrate biomass was quantified to calculate a taxa-specific biomass-weighted 
allochthony, and compared with the mass of different C pools potentially available for 
consumers. The biomass-weighted mean allochthony for all samplings ranged between 43.5-
61.5%; there was thus high autochthonous support despite low algal density and high 
terrestrial C pools within the streams. No significant trend in allochthony was observed over 
season (linear regression, p-value >0.05). Allochthony differed by invertebrate taxa and was 
not related to stream size or location in catchment. These results suggest that autochthonous 
C is far more important for consumers in boreal streams than previously recognized.  
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1 Introduction 
1.1 Background 
River and stream food webs are supported by carbon produced within the aquatic 
environment (autochthonous), and by carbon from terrestrial environments (allochthonous) 
(Thorp et al. 2002; Tank et al. 2010; Marcarelli et al. 2011). Allochthonous carbon (C) is often 
predominant in aquatic ecosystems due to large hydrological transport of dissolved organic C 
(DOC) from the catchment, reaching the system through runoff and groundwater inflow, and 
by deposition of organic matter from the overlaying canopy and surrounding riparian zone 
(Pusch et al. 1998). Consumers are believed to greatly rely on allochthonous C inputs, which 
might affect population dynamics, ecosystem processes and community interactions (Polis et 
al. 1997, 2004). For instance it has been shown that following detritus exclusion both 
abundance and biomass of invertebrates declined (Wallace et al. 1997) and invertebrate 
production is often positively correlated with leaf litter mass in forested headwater streams 
(Hall et al. 2001; Wallace et al. 2015). Moreover, allochthonous C have been found to 
enhance consumer biomass to levels that exceed the biomass growth that could be obtained 
by primary production alone (Pace et al. 2004).  
 
A well founded view, originating from the river continuum concept, is that the significance of 
allochthonous C as a food source within aquatic food webs are of greater importance in small 
streams, with decreasing importance in larger streams and rivers (Vannote et al. 1980; Push 
et al. 1998; Thorp et al. 2002). This belief is based on the fact that small streams have a 
higher ratio of stream area in contact with the riparian zone (edge to interior ratio) (Polis et 
al. 1996), resulting in a higher direct input of terrestrial C from the riparian zone in relation 
to stream size. Small streams might receive up to 80-95 % of their total organic C input 
through surface and subsurface inputs from the riparian zone, making riparian derived 
allochthonous C the quantitatively predominant C source within small streams (Likens 
2010). Since the riparian contribution is less pronounced in rivers and larger streams, fine 
particulate matter (FPOM) processed upstream is hypothesized to be the predominant 
allochthonous C source within those systems (Vannote et al. 1980). Furthermore, with 
increased stream size follows less shading from the surrounding vegetation, with a following 
positive response in gross primary production, which is believed to be mirrored by a larger 
reliance on autochthonous C by consumers in larger rivers (Vannote et al. 1980; Minshall et 
al. 1985).  
 
The autochthonous C pool is within many aquatic ecosystems a limited resource, especially in 
small, shaded streams. Autochthonous C is however higher in nutritional quality in 
comparison to bulk allochthonous C, thus making it easier to assimilate for consumers 
(McCutchan & Lewis 2002).  Recent studies on lakes have found a disproportionately high 
dependence on autochthonous C in relation to the available C pools (Pace et al. 2004; 
Kritzberg et al. 2005; Guillemette et al. 2013), indicating a high consumer demand for 
autochthonous C. In contrast to autochthon nous C, terrestrially derived material is often 
high in lignin and low in nutrient content, making it more recalcitrant for consumers 
(Webster and Benfield, 1986; Bowens, 1987). The quality of the allochthonous C inputs is 
however highly variable depending on the catchment characteristics and the prevalent abiotic 
and biotic factors in the environment where the C was produced. For instance, DOC is 
considered to be more recalcitrant when derived from mires, than from forests (Laudon et al. 
2004; Berggren et al. 2010) and coniferous leaf litter is generally considered to be a poorer 
energy source for consumers than deciduous leaf litter (Rosset, Barlocher & Oertli 1982; 
Allan & Castillo 1995). After entering aquatic ecosystems, the nutritional value of terrestrial 
organic material can further change due to nutrient leaching, which decreases the nutritional 
value, or through microbial processing by fungi and bacteria, which can increase the quality 
of the substrate in question (Cummins & Klug 1979; Webster & Benfield, 1986).  
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The relative contribution of different energy sources to aquatic ecosystem food webs has been 
the subject of several studies in lakes, streams, and rivers (Carpenter et al. 2005; Doucett et 
al. 2007; Jansson et al. 2007; Cole et al. 2011; Karlsson 2012; many others). Lake food webs 
have generally been assumed to rely more on autochthonous C, due to low terrestrial inputs, 
high light availability and high primary production (Jansson et al. 2000). A large proportion 
of lakes are however net heterotrophic (del Giorgio & Peters. 1994; Duarte & Prairie 2005) 
due to a high terrestrial C loading, fuelling heterotrophic respiration to levels that exceeds 
primary production (Kritzberg et al. 2005). Recent studies on heterotrophic lakes have 
shown that lake food webs are largely subsidized by allochthonous C (Carpenter et al. 2005; 
Karlsson et al. 2012; Wilkinson et al. 2013), a result in contrast with the historical idea that 
lake food webs mainly rely on autochthonous C. Recent studies on the relative support of 
allochthonous and autochthonous C within river food webs have shown results inconsistent 
with the idea of a decreased significance of allochthonous inputs with increased river size. 
For instance, Cole et al. (2011) found that allochthonous C at a large extent supported the 
food web in a larger river in New York. Autochthonous C has also been found to extensively 
support food webs in heterotrophic rivers (Thorp et al. 2002). 
 
For small streams, which often are highly shaded, receive high terrestrial C inputs and 
contain high abundances of shredding and collecting invertebrates, the general perception 
has been that allochthonous C is the dominant C source governing C cycling and food webs 
(Vannote et al. 1980). Most streams and rivers have higher rates of ecosystem respiration 
than gross primary production; supporting the notion that terrestrial C subsidizes whole-
ecosystem respiration (Duarte & Prairie 2005; Marcarelli et al. 2011). Resource use within 
stream food webs has been the subject of previous studies (Minshall 1967; Cummins 1974), 
often by predicting the resource utilization by consumers through measurements of the most 
abundant food sources within streams, sometimes in combination with gut content analysis 
assuming that resource use by consumers is a direct reflection of the resources available 
within a stream. A few studies have traced energy flows within stream food webs by the use of 
stable isotopes (Finlay et al. 2010; Dekar et al. 2011; Stenroth et al. 2015). There are however 
few direct estimates of the relative use of allochthonous versus autochthonous C by stream 
consumers, especially in relation to the available C sources, and to what extent these sources 
are assimilated into the consumers biomass. Furthermore, little is known of how spatial and 
temporal variations such as location in catchment, stream order, and changes over season is 
reflected in the relative use of allochthonous and autochthonous resources by consumers.  
 
The invertebrates present in freshwater ecosystems frequently reflect the different C sources 
available for consumption. Small, forested streams often have a high abundance of 
macroinvertebrates with feeding strategies well suited for digestion of terrestrial material 
(Vannote et al. 1980; Webster & Benfield 1986). Common stream invertebrate feeding groups 
include shredders, which mainly feed on coarse organic material (e.g. leaves and wood), 
collectors which gather fine organic matter derived from breakdown of more coarse organic 
matter, and scrapers which scrape rocks, leaves and other surfaces of periphytic algae and 
associated material (Webster & Benfield 1986; Heino et al. 2005). Aquatic insects can 
however shift in their diet both over different age stages, and are often opportunists, which 
can complicate the division of insects feeding strategies within a fixed functional group 
(Vannote et al. 1980; Webster & Benfield 1986). Despite this, shredders are highly associated 
with smaller streams with high terrestrial inputs (Vannote et al. 1980). With increased 
stream size, grazers, scrapers and collectors become more common, likely due to higher light 
intensity and algal production, decreased inputs of coarse organic matter, and a higher 
proportion of FPOM from upstream (Vannote et al. 1980).  
 
Stable isotopes can be used as a tool to trace the diversity of energy sources used by 
consumers within food webs (Finlay & Kendall 2007). Until recently there was no available 
method of directly tracing resources supporting consumer production in food webs beyond 
sampling consumer stomach contents. Now by the use of stable isotope analysis, resource use 
by consumers can be traced, identified, and followed through trophic transitions in the food 
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web by measuring the isotopic signatures of C (13C/12C: δ13C), hydrogen (2H/1H: δ2H) and/or 
nitrogen (15N/14N: δ15N) (Fry et al. 1978; Peterson & Fry 1987; Fry 1991; Zanden & Rasmussen 
2001; Doucett et al. 2007, Finlay et al. 2010). Different organic matter sources can vary 
substantially in isotopic values within and between ecosystems, due to differences in 
assimilation during photosynthesis (Finlay et al. 2010). Since consumers retain similar 
isotopic signatures as their food source, the relative use of allochthonous and autochthonous 
C can be quantified (Cole et al. 2012).  
 
To date, δ13C has been more commonly used than δ2H when distinguishing C sources and 
energy fluxes within aquatic food webs due to methodological restraints associated with δ2H 
(Doucett et al. 2007). Improved analytical and calculation methods have however enabled 
the use of δ2H as an effective tool when tracing energy sources within aquatic ecosystems 
(Wassenaar & Hobson, 2003; Solomon et al. 2009; Hondula et al. 2014). In some ecosystems 
δ2H, might excel the capacity of δ13C in separation of different energy sources (Finlay et al. 
2010). δ13C of terrestrial organic matter is relatively stable when fixed by plants, while the 
δ13C of algae is more variable and influenced by environmental factors such as water flow 
(Trudeau & Rasmussen, 2003; Singer et al, 2005) as well as concentrations of dissolved CO2 

and δ13C of dissolved inorganic C (Finlay, 2007). The separation of δ13C between aquatic and 
terrestrial C sources can thus be indistinct in highly variable ecosystems (Finlay et al. 2010). 
δ2H does however often differ largely between autochthonous and allochthonous C sources, 
since terrestrial plants in contrast to autochthonously produced material assimilate water 
enriched in δ2H during photosynthesis (Smith & Ziegler, 1990; Doucett et al. 2007).  
 
Boreal streams offer a unique opportunity to quantify the role of terrestrial C subsidies in 
supporting consumer biomass in high-DOC, low-production, and highly dynamic ecosystems 
draining heterogeneous landscapes.	  Boreal streams comprise a largely understudied system, 
despite their large abundance (Bishop et al. 2008). There is a substantial lack of knowledge 
regarding the processes that prevail within small headwater boreal streams and the 
consequences for aquatic life (Bishop et al. 2008). The cold climate with short summers and 
long winters with deep snow covers, results in a low evaporation, slow weathering and 
degradation, and a high variability in hydrology over season (Schinder et al. 1996; Sobek et 
al. 2003; Laudon et al. 2007). The heterogeneous boreal biome constituted of a landscape of 
forests, mires and small freshwater systems and a climate that is highly variable over season, 
creates an environment that largely shapes the water chemistry of boreal streams (Buffam 
2007). Boreal streams are often characterised by dark coloured water caused by a high OC 
loading from land (Temnerud et al. 2007). The terrestrial inputs are highly variable over 
season with high supplies of organic matter reaching the stream during spring flood, followed 
by low inputs during dry passages of summer up until fall when leaf senescence occurs 
contributing with a push of organic material (Stout et al. 1986; Laudon et al. 2004, 
Temnerud et al. 2010). Depending on the dominant habitat and vegetation cover within the 
catchment, both quantity and quality of the organic matter reaching the streams can thus 
largely differ over spatial and temporal scales.  

1.2 Objectives 
The main objective of this study was to determine the relative dependence on allochthonous 
and autochthonous C by macroinvertebrate consumers in relation to the different C pools 
within boreal streams with high terrestrial inputs. Furthermore, this study aimed to 
investigate if the relative resource use of allochthonous and autochthonous C by consumers 
was consistent among seasons (spring, summer and fall), between streams of different sizes 
and locations within the catchment. For this study, the δ2H signatures for allochthonous and 
autochthonous OC sources were compared to those of six key consumers in five streams in 
the boreal region of northern Sweden. Organic C pools as well as macroinvertebrate biomass 
was quantified in order to calculate a biomass-weighted allochthony that could be compared 
to the size of the different C pools potentially available for the consumers. 
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The main hypotheses were: (1) Consumer dependence on allochthonous C will decrease with 
increasing stream size, decreasing terrestrial inputs, and increasing autochthonous OC 
production. (2) The proportion of autochthonous and allochthonous C supporting boreal 
stream food webs will change seasonally, with increasing allochthonous support upon leaf 
senescence in fall. (3) The proportion of allochthonous C supporting stream 
macroinvertebrates will differ depending on the feeding strategy of the taxa.  

2 Material and Methods 
 

2.1 Study area 
The five studied streams (C1, C5, C7, C9 and C15) are located within the Krycklan catchment, 
southeast of Västerbotten County (64°, 14´N, 19°46´E), Sweden (Fig. 1). The area has a 
characteristic temperate climate with cold temperatures and high humidity, and a continuous 
snowcover during winter (Laudon et al. 2013). The mean annual precipitation is 614mm, 
with a mean annual runoff and evapotranspiration of 311mm and 303mm, respectively 
(Laudon et al. 2013).  The 30 year mean annual temperature (1980-2010) is 1.8 °C, with a 
monthly mean of 17.7 °C in July (Laudon et al. 2013). This study was conducted during a 
particularly warm and dry year (2014).  
 
 

 
Figure 1. Map with the location of the studied streams (C1, C5, C7, C9 and C15) within the Krycklan catchment, located at 
Vindeln in Västerbotten County, Sweden. Colours represent the different types of landuse within the catchment 
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The streams are located at different positions within the Krycklan catchment (Fig. 1) and 
have varying catchment sizes (47 – 1913 ha) constituted of site-specific vegetation covers and 
soil properties (Table 1). The streams are partly nested with each other, and with other 
streams within the catchment (Laudon et al. 2013). The streams are of the size order 1 to 4 
(Table 2), with stream depth ranging between 5.5-30.2 cm and stream width of 70-401 cm 
(Table 2). The streams are moderately acidic (pH: 4.9-6.4), with high DOC and low nutrient 
concentrations (Table 2). Coniferous forest is dominant in all the catchments, while 
deciduous forest covers 1-12 % of the catchments, with the highest density at C5 and the 
lowest at C7 (Table 1). The catchment of C5 contains the highest mire and lake percentage 
among the streams (6.4 %), and has the lowest amount of forest cover (54%) compared to C1, 
C7, C9 and C15 where the forest cover extends to 81.8% - 98% (Table 1).  
 
Table 1. Catchment characteristics of the five studied streams C1, C5, C7, C9 and C15 (data from Laudon et al. 2013).  

Catch-
ment 

Area 
(ha) 

Lakes 
(%) 

Forest 
(%) 

Arable 
land 
(%) 

Open 
land 
(%) 

Mire 
(%) 

Till 
(%) 

Thin 
soils 
(%) 

Sorted 
sediment 

(%) 

Tree 
volume 
(m3 ha-1) 

Birch 
(%) 

Spruce 
(%) 

Pine 
(%) 

C1 48 0.0 98.0 0.0 0.0 2.0 92.1 7.9 0.0 187 2 63 35 
C5 65 6.4 54.0 0.0 0.0 39.5 40.4 5.5 0.0 64 12 26 62 
C7 47 0.0 82.0 0.0 0.0 18.0 65.2 15.4 0.0 167 1 35 64 
C9 288 1.5 84.4 0.0 0.0 14.1 69.1 6.8 4.1 150 6 29 65 
C15 1913 2.4 81.6 1.4 0.1 14.5 64.8 8.1 9.5 85 10 26 64 
 
 
Table 2. Stream characteristics and water chemistry data (mean  ± 1 SE) of the five studied streams C1, C5, C7, C9 and C15. 

Site 
Stream- 

order pH PO4 NO3 NH4 
Absorbance  

(254 nm)  
C1 1 5.4 ± 0.1  3.3 ± 2.9  32.0 ± 2.4 14.7 ± 4.6 1.1 ± 0.04  
C5 1 5.1 ± 0.1 5.5 ± 2.2 12.6 ± 2.4 26.2 ± 2.5 1.1 ± 0.03  
C7 2 4.9 ± 0.2 12.1 ± 1.4 19.2 ± 1.6 11.9 ± 1.8 1.3 ± 0.03  
C9 2 6.0 ± 0.1 6.1  ± 0.7 16.4 ± 1.7 12.7 ± 0.8 0.8 ± 0.04  
C15 4 6.4 ± 3.3 2.2 ± 0.2 14.3 ± 4.7 8.0 ± 1.6 0.6 ± 0.04  

2.2 Sampling and analyses 

2.2.1 Physical parameters 
Discharge and travel time was estimated by releasing a pulse of salt (NaCl, used as a 
conservative tracer) within a pre-measured stream reach. Hobo conductivity loggers (Onset 
Computer Corporation) were programmed to record at 10-second intervals and deployed at 
2-4 locations within the reach. Discharge (m3/s) was calculated in relation to the known mass 
of salt added, downstream conductivity, and stream morphology (as in Payn et al. 2009). 
Nominal travel time was calculated as the time (s) it took for the salt to travel from the 
beginning of the reach until detection of 50% of the tracer of the conductivity logger at the 
end of reach. Stream velocity (m/s) was calculated by dividing the reach length (measured 
with a meter tape) with travel time. Light intensity was measured with light loggers (Hobo 
Pendant; Onset Computer Corporation) at each stream. Loggers were deployed on branches 
that were lying across the streams, at locations that were most representative to the average 
canopy openness of the stream, and programmed to record light intensity (as Lux) at 10-
minute intervals from July – October 2014.  

2.2.2 Chemical parameters 
Dissolved oxygen and water temperature was measured every 10 min with miniDOT O2 
loggers (Precision Measurement Engineering). Two loggers were deployed at each site; the 
location of the loggers was pre-determined based on requirements for ecosystem metabolism 
measurements, which were the focus of partner research project. Baseline conductivity was 
measured previous to the salt pulse releases (see 2.2.1). All other water chemistry 
measurements (DOC, pH, PO4, NO3, NH4, water samples for stable isotope analysis and 
absorbance) were analysed as part of the biweekly monitoring program for the Krycklan 
Catchment research program (as described in Laudon et al. 2013). 
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2.2.3 Organic carbon pools 
To quantify aquatic and terrestrial C sources within each stream, potential C sources (e.g. 
deciduous leaves, aquatic mosses, coniferous needles, etc.) were separated from benthic 
samples collected from a known area for macroinvertebrate biomass measurements (see 
2.2.4). The sorted material was dried at 60°C for 24h and weighed to obtain dry mass, which 
was used to calculate the gC m-2 of the samples by multiplying the dry mass of the organic 
material with the percentage of C of the organic material, obtained from the stable isotope 
analysis (see 2.26). Since the algal biomass within the streams was low (not visibly detectable 
in benthic samples), algae concentrations (as chl a µg cm-2) within the streams were 
measured twice at each site with a Benthotorch (bbe Moldaenke). The photosynthetic 
pigment chlorophyll a is current in all species of phytoplankton and can for this reason be 
used to estimate total phytoplanktonic biomass (Gregor & Maršálek 2004). The benthotorch 
measures benthic algal densities (sum of: green algae, blue-green algae and diatoms). Algal 
densities in g C/m2 was calculated from the measured chl a per µg cm-2 by using literature 
values of chlorophyll a to carbon ratios (Appendix II: Table A1 & A2). 

2.2.4 Macroinvertebrate populations 
Stream benthic macroinvertebrates were collected with a Surber sampler (basal area 20x25 
cm). Six Surber samples were collected in each stream during each sampling occasion. All 
streams were sampled every other week from 11 June to 27 August 2014 with an additional 
sampling in fall (6-7 Oct), for a total of 7 sampling events. Two of six collected samples were 
sorted for isotope analysis (see 2.2.5) whereas the remaining four samples were conserved in 
95% ethanol and stored in a fridge (+6°C) until sorting. Macroinvertebrates were picked out 
of the samples and placed in vials containing 95% ethanol. 60 out of 140 samples were 
submitted for professional identification (Artningshjälpen Per-Ola Hoffsten), to get an 
overview of the community composition at the beginning (11-13 June), middle (12-13 
August), and end (6-7 October) of the study period. All 140 invertebrate samples were later 
sorted to family level, counted, dried and weighed in order to calculate invertebrate density, 
abundance, and biomass per stream. %C from macroinvertebrate stable isotope analysis was 
used to convert mg dry mass m-2 to gC m-2 for comparison with other OC pools. 

2.2.5 Stable isotopes - Macroinvertebrates 
Two Surber samples out of six collected for each sampling occasion (see 2.2.4) were sorted 
immediately after sampling for isotope analysis. The macroinvertebrates that were present at 
the highest density were divided to family level and kept in cool water during 24h to release 
stomach contents. Samples were later dried at 65° C and homogenized previous to analyses. 
Analyses of δ2H were performed at the Colorado Plateau Stable Isotope Laboratory, Northern 
Arizona University and stable isotope analyses of δ13C, δ15N, and %C were performed at the 
UC Davis Stable Isotope Facility, University of California. 

2.2.6 Stable isotopes – Diet and water endmembers 
Grab samples of potential diet endmembers (spruce needles, birch leaves, sphagnum, aquatic 
moss, aquatic grass) were collected once at each site in mid-August. Soil endmembers were 
sampled in Västerbotten (Karlsson et al. unpublished data), from the humus layer (3 
replicates), of the dominant vegetation types (pine, spruce, mixed forest of deciduous and 
evergreens, mire), and prepared previous to isotope analysis in the same manner as the 
collected organic material in the Krycklan catchment. Soil δ2H was similar to the other 
potential terrestrial endmembers sampled (Appendix I: Table A1), and there was no 
difference (Welsh two sample t-test; p = 0.804) in δ2H between soils from different dominant 
vegetation types, and therefore a mean value for soil (-142.7 ± 8.9‰, n = 45; Karlsson et al. 
unpublished data) was used for all calculations of allochthony. Filamentous algae was 
sampled at site C5, C9 and C15, in July and August, which were the only sites where algae was 
abundant enough to be collected.  
 
Samples were dried at 65° C and homogenized previous to analysis. The δ2H of the samples 
was analysed at the Colorado Plateau Stable Isotope Laboratory, Northern Arizona 
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University. δ13C, δ15N, and %C analyses were performed at the UC Davis Stable Isotope 
Facility, University of California. Since consumers derive hydrogen from diet and diffusion of 
water (Hobson et al. 1999), δ2H of consumers needs to be adjusted from the δ2H of water 
before calculating allochthony percentages. Water samples for stable isotope analysis were 
collected as part of the Krycklan Catchment research program (Laudon et al. 2013); δ2H of 
water collected mid June, mid August, and mid September was analysed by a water isotope 
analyser (Picarro L2130-I) at the Department of Forest Ecology and Management at the 
Swedish University of Agricultural Sciences. 

2.2.7 Allochthony calculations 
The isotopic composition of a sample (Equation 1) is calculated as parts per thousand (‰) 
deviation from a reference standard, where 𝑅 is the ratio of heavy-to-light isotope, R!"#$%& is 
ratio of the sample, and R!"#$%#&% is the ratio of the standard (Finlay & Kendall 2007). The 
international reference standards for H, C, and N are: 2H:1H = 0.00015576 (Vienna standard 
mean ocean water), 13C:12C = 0.0112372 (Vienna Pee Dee Belemnite) and 15N:14N = 
0.0036765 (Atmospheric nitrogen). 
 

(1) 𝛿 ‰ =    !!"#$%&

!!"#$%#&%
− 1 ×1000  

 
 
The allochthony of consumers was calculated using a two-source mixing model including the 
δ!H signatures of consumers (δ!H!"#$%&'(), allochthonous OM (δ!H!""#), autochthonous OM 
(δ!H!"#$), and water (δ!H!"#$%), (Equations 1-2).  
 
(2) 

Allochthony = 100  ×

𝛿!𝐻!"#$%&'( − (𝜔!"!    ×    𝛿!𝐻!"#$%)
(1 − 𝜔!"!) −   𝛿!𝐻!"#$)

   𝛿!𝐻!""#
𝛿!𝐻!""# − 𝛿!𝐻!"#$

 

 
The allochthonous endmembers were calculated as a mean from 𝛿!𝐻  signatures of soil 
samples. Soil was used as the allochthonous OM source since soil isotope values were 
representative of and integrates the different collected terrestrial C sources. The 
autochthonous C source was calculated as a mean of the 𝛿!𝐻 signatures of algae collected at 
C5, C9 and C15, while the 𝛿!𝐻!"#$% was calculated from a site-specific mean of water samples 
collected at dates corresponding to the macroinvertebrate sampling at the Krycklan 
catchment. The estimated allochthony for some consumers took on unrealistic values (e.g. 
negative percentages or estimates ranging over a 100 percent allochthony), likely caused by a 
disparity in the 𝛿!𝐻 signature of the consumed food source for the taxa. When negative 
allochthony values occurred they were assigned an allochthony of 0%, whereas values 
exceeding 100 percent were set to 100%.   
 
The total contribution of water-derived hydrogen (𝜔!"!) was calculated for each consumer 
from the trophic level of the consumer above that of primary producers (t) and the per 
trophic level dietary water contribution to consumer H (𝜔 = 0.15, following Berggren et al. 
2015) as follows 
 
(3) 

𝜔!"! = 1 − (1 − 𝜔)! 
 
 
 
Trophic position of a consumer can be calculated, given that you have an assured primary 
producer to use as a baseline (Post 2002). No suitable baseline could be obtained within the 
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studied streams, whereas trophic position was assumed based on the ecological knowledge of 
the consumers, e.g. feeding strategy. Blackflies (filter feeders) were assumed to hold a trophic 
position of 2, while the caddisflies, stoneflies, mayflies, midges and worms that are more 
mobile, and can shift in feeding strategy over time (Lenat & Barbour 1994), were assumed to 
have a trophic position of 2.5. 
 
To better reflect the whole-stream allochthony, site- and sampling-specific invertebrate 
biomass (mg C m2) and allochthony (%) was used to estimate biomass-weighted allochthony 
values: 
 

(4)  Biomass-weighted Alloch = 𝐴𝑙𝑙𝑜𝑐ℎ!×
!"#$%&&!
!"#$%&&!

!

!  !"#$%&'
!  

 
Where the group-specific invertebrate allochthony (𝐴𝑙𝑙𝑜𝑐ℎ!) was weighted by the proportion 
of that group’s biomass (𝐵𝑖𝑜𝑚𝑎𝑠𝑠!)  relative to the total biomass of all invertebrates 
( 𝐵𝑖𝑜𝑚𝑎𝑠𝑠!

! ). The weighted allochthony for each invertebrate group was summed for all 
groups in each site (i to n inverts) for a site-specific estimate of biomass-weighted 
allochthony.  

2.2.8 Statistical and uncertainty analyses 
Before any statistical tests were carried out, the data were plotted to check if the assumptions 
of a normal distribution and constant variance were met. In order to test if there was a 
correlation between DOC and catchment size, an exponential non-linear regression was 
computed. Differences between the δ2H of the soil endmembers and the algae endmembers, 
and the δ2H of macrophytes and the terrestrial OC endmembers were tested with a Welsh two 
-sample t-test. To visually compare differences between streams regarding physical and 
chemical water parameters a Principal component analysis (PCA) was computed. Differences 
in relative species abundance between streams were tested with a Non-metric 
multidimensional scaling (NMDS). NMDS was based on a Bray-Curtis similarity matrix built 
from ln(x+1) transformed pooled abundance data from each site and sampling date. In 
addition, analysis of similarities (ANOSIM) was used to determine whether differences in 
composition were significant across sites and over time. A site by time interaction was not 
considered here. Finally, significant ANOSIM results with similarity percentages (SIMPER) 
routines were followed to ask which taxa were most responsible for any differences in 
composition observed among sites or over time. All multivariate statistics were carried out in 
the PRIMER software package (Version 6, Plymouth Marine Labs, Plymouth, UK; Clarke and 
Warwick 2001, Clarke and Gorley 2006). All other statistical analyses were performed using 
R software (R Core Team 2014 version 0.98.1062). The main purpose of the statistical 
analyses was to investigate possible correlations between parameters and to investigate 
differences between the studied streams.  
 
In order to test how sensitive the two source mixing models were to δ2H of the autochthonous 
endmember, biomass-weighted allochthony was estimated based on the minimum (-214.6 
‰) and maximum (-247.0 ‰) δ2H values of algae, and compared to the biomass-weighted 
allochthony estimate based on the mean δ2H of algae. The sensitivity of mixing model results 
to changes in terrestrial and algal isotope values as well as assigned trophic levels for 
consumers were also explored (data not shown). 
 
 
 



 

 9  

3 Results 
 

3.1 Physical and chemical characteristics of the streams 
The physical and chemical parameters varied between each stream except for C1 and C7 that 
were showing similarity (Fig. 2, Table 2). Light was positively correlated with water 
temperature (Fig. 2), and both light and temperature were negatively correlated with 
conductivity and dissolved oxygen (Fig. 2). Mean light intensity varied from 1491 to 6495 
Lux, with the lowest measured light intensity in the forest-dominated stream C1 (Table 1, 
Table 3) and the highest at the stream with the lowest forest cover, C5 (Table 1, Table 3). The 
water temperature ranged from 8.5 – 12.8ºC between the sites, with the lowest temperature 
at C7 and the highest water temperature at the lake-dominated catchment C5 (Table 3). The 
oxygen concentrations were similar between the streams, with oxygen concentrations close to 
10 mg O2/L except in C5, which had a lower mean oxygen concentration of 7.4 mg O2/L 
(Table 3). Conductivity was lowest at C5 (15.2-19.1 µS/m3) while the second largest site, C9, 
had the highest conductivity (24.5-36.4 µS/m3).  
 
 

 
 
 

Figure 2.  Principal component analysis (PCA) of the physical and chemical parameters (velocity (Vms), discharge (Q), light, 
temperature (temp), oxygen and conductivity) measured at each stream (C1, C5, C7, C9 and C15).  
 
Stream velocity was positively correlated with discharge, was lowest at the smallest 
catchment C1 (0.03-0.1 m/s), and highest at the largest catchment C15 (0.1-0.3 m/s). 
Discharge was more variable at the larger streams, C9 and C15, with discharge within the 
ranges of 4.1-38.6 m3/s and 65.9-451 m3/s respectively. C7 had the lowest measured 
maximum discharge (1.4-2.7 m3/s), while C1 that had a greater range (0.4-4.7 m3/s) and the 
lowest minimum value. 
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Table 3. Physical and chemical parameters measured at each of the five studied streams C1, C5, C7, C9 and C15 from June-
October 2014. Min-max values of velocity, discharge and conductivity for each site, and mean value ± 1 SE of light, 
temperature and oxygen.  
 

Site Depth 
(cm) 

Width 
(cm) 

Velocity 
(m/s) 

Discharge 
(m3/s) 

Conductivity 
(μS/m3) n  Light 

(Lux) 
Temperature 

(C°) 
Oxygen 

(mg O2/L) n 

C1 5.5 70.0 0.03 - 0.1 1.4 - 5.9 26.9 - 30.5 2 1491 ± 15 9.3 ± 0.02 10.3 ± 0.01 17999 
C5 8.1 50.2 0.01 - 0.03 1.4 - 2.7 15.2 - 19.1 2 6495 ± 128 12.8 ± 0.04 7.4 ± 0.02 18618 
C7 9.4 53.0 0.01 - 0.1 0.4 - 4.7 20.6 - 30.7 4 2154 ± 27 8.5 ± 0.02 10.8 ± 0.01 17916 
C9 11.2 100.2 0.05 - 0.4 4.1 - 38.6 24.5 - 36.4 3 3311 ± 44 8.9 ± 0.02 10.4 ± 0.01 17927 

C15 30.2 401.0 0.11 - 0.3 65.9 - 451.0 19.8 - 30.3 5 5365 ± 78 11.0 ± 0.03 9.9 ± 0.01 17979 
 

3.2 Organic carbon pools 
Algae densities ranged between 0.4 – 1.2 Chl-a/ug cm-2, with the lowest density at C5 and the 
highest at C7 (Appendix II: Table A1). DOC concentration was high within the streams, with 
concentrations ranging between 14.1-23.8 mg/L (Appendix II: Table A1). DOC was negatively 
correlated with catchment size (non-linear regression, exponential, p=0.002, r2=-0.95). 
Algae expressed as gC m-2 were the smallest carbon pool compared to the other carbon 
sources within the streams. For the collected organic material, leaves occurred in lower 
densities than mosses over the whole sampling period and than needles for the last sampling 
occasion (Table 4, Fig. 3). C7 contained the highest C stocks of all organic C sources except 
for mosses, which occurred at highest densities at C9 and C5. The largest stream (C15) had 
the lowest overall standing stock of benthic C.   
 
Table 4. Mean and ± 1 SE of the organic C pools within each stream (C1, C5, C7, C9 and C15) from June-October 2014: leaf 
mass (n=28), moss mass (n=28), needle mass (n=4) and benthic standing stock and mean of DOC (n=16) and algal densities. 
 

Site Leaves 
(gC m-2) 

Moss 
(gC m-2)  Needles* 

(gC m-2) 

 Benthic  
standing  

stock per m-2 

DOC** 
(gC m-2) 

Algae*** 
(gC m-2) 

C1 0.4 ± 0.2 1.9 ± 0.7  4.7 ± 1.0  7 1.3 0.2 
C5 0.3 ± 0.1 3.3 ± 3.5  3.3 ± 1.0  6.9 1.6 0.1 
C7 1.5 ± 0.6 1.7 ± 0.6  7.2 ± 2.2  10.4 2.6 0.3 
C9 0.5 ± 0.2 5.6 ± 2.6  1.3 ± 0.4  7.4 2.0 0.2 
C15 0.4 ± 0.2 0.3 ± 0.3  1.1 ± 0.4  1.8 4.3 0.1 
Krycklan- 
Average 0.6 3.6  3.5  6.7 2.5 0.2 

* Average of needles sorted out of the samples at the last sampling occasion. ** Calculated from DOC concentrations (mg/L) 
see Appendix II: Table A1 and weighted by mean depth at each stream (C1, C5, C7, C9 and C15). *** Calculated from algal 
densities (Chl-a ug m-2) see Appendix II: Table A1, and chl-a to C ratios from literature Appendix II: Table A2. 

 
Aquatic mosses occurred in much higher densities than leaves over the whole season (Table 
4, Fig. 3). The moss coverage was variable both within and between streams and over season 
(Table 4, Fig. 3). Leaves were present in low amounts during the first six samplings (range: 
0.014-0.33 gC m-2), but increased to several times higher amounts at the last sampling in fall 
(3.03 gC m-2, Fig. 3). Needles were only sorted out of the samples from the last sampling 
occasion, (they were assumed to be relatively constant throughout the sampling season), and 
were then occurring in higher amounts than leaves (Fig. 3). 
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Figure 3. (a.) Leaves, mosses and needles in gC m-2, (mean ± 1 SE; n.d. = no data) and (b.) macroinvertebrate biomass in gC 
m-2, (mean ± SE) for all streams (C1, C5, C7, C9 and C15) from June-October 2014. 

3.3 Macroinvertebrate populations 
Site C15 had a sum of 48 unique species and thus contained more than twice as many unique 
species as the other streams; C1, C5, C7 and C9 (Table 5). The density of individuals per m-2 
was lowest at C9, followed by C1, while C5 had the highest density of individuals per m-2. The 
density of individuals per m-2 within the streams generally increased from early to late 
season, while total unique species was more even over season (Table 5).  
 
Table 5. Total unique species presence and density of individuals per m2 for early: (11-13 of June), mid: (12-14 of August) 
and late: (6-7 of October) season and sum of total unique species and average density of individuals per m-2 for early-late 
season for the studied streams (C1, C5, C7, C9 and C15). 
 

  Total unique species    Density individuals m-2  

 C1 C5 C7 C9 C15  C1 C5 C7 C9  C15  

Early 11 11 10 9 25  109 141.5 35.5 31 198.5 

Mid 15 13 11 9 33  103.5 152 44.5 77.5 213.5 

Late 15 16 17 17 31  149.5 447 532.5 78.5 244.5 

Sum 21 20 19 18 48 Average 121 247 230 62 219 

 
Site C9 had the lowest mean macroinvertebrate biomass (5.4 ± 0.7 mgC m-2) of all streams 
followed by C7 (7.5 ± 1.1 mgC m-2) and C1 (8.4 ± 2.1 mgC m-2), (Table 6). The lake outlet, site 
C5, had the highest macroinvertebrate biomass  (17.6 ± 3.1 mgC m-2) closely followed by the 
largest site C15 (13.8 ± 1.9 mgC m-2). These two sites were also the only sites where mayflies 
occurred. C15 was however the only site without midges (Table 6). The macroinvertebrates 
with the highest biomass within the streams were generally caddisflies and blackflies (mean ± 
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1 SE for all streams and sampling occasions: 17.2 ± 2.2, 15.9 ± 3.0 mgC m-2 respectively), (Fig. 
3, Table 6).  
 
Table 6. Mean and SE of macroinvertebrate C content (mgC m-2) for the studied streams (C1, C5, C7, C9 and C15). 
 

Macro-
invertebrate 

C1 
(mgC m-2) 

C5 
(mgC m-2) 

C7 
(mgC m-2) 

C9 
(mgC m-2) 

C15 
(mgC m-2) 

Blackflies 8.8 ± 0.4 35.4 ± 1.4 13.1± 0.38 7.6 ± 1.0 14.5 ± 0.4 

Caddisflies 5.1 ± 0.1 37.8 ± 0.8 11.4 ± 0.31 6.6 ± 1.1 25.2 ± 0.6 

Stoneflies 13.3 ± 1.1 1.5 ± 0.1 7.4 ± 0.19 5.6 ± 0.1 10.9 ± 0.2 

Mayflies not present 1.0 ± 0.04 not present not present 9.2 ± 0.1 

Midges 3.2 ± 0.6 17.7 ± 0.4 4.9 ± 0.07 4.2 ± 0.1 not present 

Worms 11.6 ± 0.3 12.2 ± 1.0 0.4 ± 0.03 2.9 ± 0.2 9.4 ± 0.8 
Mean 
per site 8.4 ± 2.1 17.6 ± 3.1 7.5 ± 1.1 5.4 ± 0.7 13.8 ± 1.9 

 
The relative species abundance showed similarity at C1, C7 and C9 (Fig. 4a) while the relative 
species abundance at C15 and C5 differed from each other and the other streams (Fig. 4b). 
C15 was more clearly separated from the other streams, than C5. Differences between all 
streams could be seen over season; the months that showed largest separation was 
June/October and August/October (Fig. 4b). 
 

 
 

 
Figure 4. Non-metric multidimensional scaling plot (NMDS) showing the spatial (a.) and temporal (b.) macroinvertebrate 
species abundance differences between sites (C1, C5, C7, C9 and C15), (Appendix III: Table A1).  

3.4 Stable isotopes - macroinvertebrates and endmembers  
The aquatic endmembers were more depleted in δ2H than the terrestrial endmembers (Fig. 
5). Algae had the lowest δ2H signature (mean ± 1 SE) of  -228.0 ± 7.1 ‰ followed by aquatic 
mosses  -193.1 ‰ and aquatic grasses -172.0 ± 4.9 ‰ (Fig. 5). The mean δ2H of macrophytes 
and bryophytes (aquatic grass and moss; -177.26 ± 6.32 ‰) was significantly different from 
the terrestrial C sources (-154.04 ± 2.51 ‰) collected at the Krycklan catchment, (Welsh two 
sample t-test, p = 0.02). Water was most enriched in δ2H among all the analysed end 
members of -87.9 ± 1.9 ‰. The collected allochthonous organic material (mean ± 1 SE) on 
land ranged between  -141.0 ± 4.8 ‰ (needles) to -155.97 ± 5.07 ‰ (leaves) (Fig. 5, 
Appendix I: Table A1). Birch leaves collected within the stream were the most depleted 

!
!

a. b.!



 

 13  

terrestrial endmember (-164.1 ± 2.4 ‰) and had a difference in mean δ2H -value of 8.1 ‰ 
compared to leaves collected on land, likely due to in-stream microbial colonization and 
processing. The difference between land and stream birch samples was however not 
significant (Welch two sample t-test, p-value >0.05), potentially due to low sample sizes. The 
mean δ2H signature of algae was significantly different from the mean value of soil (Welsh 
two sample t-test, p = 0.0002), with a difference in δ2H of -85.34 ‰ between these 
endmembers used in the mixing models (Equation 2). 

 

 
 
Figure 5. Differences in δ2H between terrestrial and aquatic endmembers. 

 
Blackflies, caddisflies, stoneflies and midges had similar δ2H values (corrected for diet water)  
(mean  ± 1 SE) of -146.9 ± 2.9 ‰, 145.8 ± 4.6 ‰ and -146.1  ± 10.4 ‰ respectively, that was 
close to the δ2H value of soil (mean ± 1 SE) of -142.7 ± 4.8 ‰ which was used as the 
terrestrial endmember in the two source mixing model. Mayflies were more depleted in δ2H (-
186.4 ± 9.5 ‰) than the other taxa and were thus closer to the aquatic endmember. Worms 
were most enriched of all the studied macroinvertebrates (mean ± SE) of -131.36 ± 7.49 ‰). 

3.5 Taxa-specific differences in allochthony 
Differences in allochthony were observed between taxa and at some extent between sites 
(Fig. 6, Appendix IV: Fig. A1 and Fig. A2). Worms had the highest allochthony of the studied 
taxa (range; 63.6-97.6 %) followed by blackflies (range; 58.9- 82.0 %), caddisflies (range; 
21.3-75.1) and stoneflies (range; 13.2-69.6 %), while mayflies had the lowest allochthony 
(range; 4.2- 21.9 %), after midges (range; 0-52.7 %) (Fig. 6).  
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Figure 6. Mean allochthony (%) per macroinvertebrate group and stream (C1, C5, C7, C9 and C15). Points represent an 
average of all June-October samplings. 
 

3.6 Spatial and temporal differences in biomass-weighted allochthony 
The biomass-weighted mean allochthony varied between 43.5-61.5 % among the streams 
(Fig. 7). C1 followed by C9 were the sites with the highest biomass-weighted allochthony 
percentage (61.5 % and 60.9 %, respectively) with an average difference of 12.5 % compared 
to the other streams. The largest site C15, which had the lowest overall C pool (Table 4), was 
the site with the lowest biomass-weighted allochthony (43.5 %), followed by site C7 (47.3 %), 
which had the highest overall C pool. If the aquatic endmember in the two-source mixing 
model were based on the minimum δ2H value of the collected algae samples instead of the 
mean, a 6.8 % lower biomass-weighted allochthony was estimated, while a maximum based 
δ2H value of algae resulted in a 8.9 % higher biomass-weighted allochthony estimate (Fig. 7).    

 

 
 
Figure 7. Biomass-weighted mean allochthony for each study site (C1, C5, C7, C9 and C15), bars represent the potential 
range in allochthony due to mixing model uncertainties.  
 
Even though the mean allochthony varied between the samplings, both for the mixing model 
mean and the weighted mean, there were no significant increases or decreases of allochthony 
over the study period for either estimates (linear regression, p-value >0.05). When mean 
values were compared for separate sites between separate sampling occasions, large 
differences between the estimates could be seen at some of the sampling occasions. For 
example, site C15 had a mixing model mean allochthony of 89 % at the first sampling 
occasion, whereas the same value from the biomass-weighted mean was 40.7 %. The 
biomass-weighted allochthony at C1 and C9 changed between 46.6-72.7 % and 60.6-72.2 % 
over the sampling period, while C7 had a lower biomass-weighted allochthony (35.3-61.7 %). 
All streams except C15 increased in biomass-weighted allochthony during the last sampling 
occasion, reaching similar percentages in means between streams (Fig. 8b). 
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Figure 8. Variation in estimated mean allochthony over season for the mixing model estimated allochthony (a) and the 
biomass-weighted mixing model allochthony (b) for all streams (C1, C5, C7, C9 and C15).  
 
The mean allochthony was similar for both the mixing model mean (Equation 2) and the 
biomass-weighted mean (Equation 4) when all sites and samples were combined (52.2 and 
53.6 % respectively), and also when site-specific means (all samplings combined) were 
compared (mean difference of 2.8 % between estimates).  

4 Discussion 
4.1 Organic carbon pools 
Autochthonous C was low in comparison to allochthonous C inputs within the streams (Table 
4). Site C9 and C15 were the two largest streams, and still showed low concentrations in 
algae, a result in contrast with the prediction that gross primary production generally 
increases with increased stream size (Vannote et al. 1980). However, the reason why larger 
streams generally are believed to have a higher photosynthesis to respiration ratio is that 
larger streams are less shaded than smaller streams (Vannote et al. 1980), which did not hold 
for the streams within this study (Table 3). Site C5 and C15 were the two sites with the 
highest measured light intensity, which, in combination with the lower biomass weighted 
allochthony, suggests that algae might have been more abundant at those sites despite the 
lower measured concentrations. Algae is difficult to quantify, and can be very patchy within 
streams (Palmer et al. 1997). Moreover, algae have a high nutritional value, which might 
result in a high consumption rate, quickly reducing the amount of algae that remains in 
streams to be measured during sampling. There were however extremely low rates of gross 
primary production within the streams (GPP <1g O2 m-2 d-1 Hotchkiss et al. unpublished 
data), indicating that autochthonous C overall was scarce within the streams. 
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DOC was high within the streams, and had a negative correlation with catchment size, with 
higher DOC concentration in the smaller streams than the larger streams (Table 4). DOC 
does not substitute a direct food source by consumers, but can support higher trophic levels 
indirectly since DOC contributes with an energy source for microbes i.e. fungi and bacteria 
which in turn macroinvertebrates ingest via leaf litter, dissolved organic matter, and fine 
particulate organic matter (Meyer 1994; Thorp & Delong 2013). Decreases in water colour 
have often been seen with increasing watercourses in boreal areas of Fenno-scandia 
(Temnerud et al. 2007), generally recognized as lower OC concentrations downstream 
(Löfgren et al. 2003), where terrestrial inputs are believed to decline (Vannote et al. 1980). 
The results from this study are in line with this prediction. The negative correlation of DOC 
with increasing catchment size has been observed within the Krycklan catchment before, in a 
study by Ågren (2007) who concluded that the relationship might be a result of co-varying 
factors to catchment size such as morphology of the streams along with soil type and altitude 
of the catchment.  
 
Leaves, which are considered to be a higher quality food source than coniferous leaf litter and 
macrophytes (Webster & Benfield 1981; Rosset, Barlocher & Oertli, 1982; Allan & Castillo 
1995), were the terrestrial C source present at lowest amounts within the streams (Table 4). 
The low leaf litter standing stock compared to coniferous leaf litter in the streams was not 
surprising, given the high coniferous forest cover and low deciduous tree percentage within 
the catchments of the studied streams, which is characteristic of boreal forests (Esseen et al. 
1997). Site C7 had the highest leaf mass among the streams (Table 4), despite having the 
lowest birch percentage within the catchment compared to the other streams (Table 1), 
suggesting that catchment-wide tree composition may not be a good predictor of leaf 
standing stocks in these streams. However, light intensity was lowest at site C1 and C7, 
indicating a more closed canopy cover at those smallest streams. Depending on the 
composition of trees closest to the stream, large differences in type of litter inputs would be 
expected, which might have caused a higher deciduous leaf litter input at C7. Moreover, C7 
had the lowest stream velocity and discharge (Table 3), possibly resulting in higher residence 
times of OC within the stream compared to sites with higher flow rates and water volumes.   
 
Needle standing stock was highest in C1 and C7, again, most likely due to a more dense forest 
cover in connection to the smallest streams. The needles were only sorted out of the samples 
collected at the last sampling occasion, and were assumed to be relatively constant 
throughout the season. Coniferous trees are evergreen, and do not shed leaves during fall as 
deciduous tree species, so the quantity of leaf litter inputs is thence not as seasonally variable 
as for deciduous trees. Needles occurred at higher amounts than leaves during the last 
sampling occasion, even though leaf litter inputs were highest during the ongoing leaf 
senescence at the fall sampling. Needles were most likely present in higher amounts than 
leaves within the stream over the whole season. Terrestrial OC breakdown within streams 
mainly depends on nutrient and fiber content of the organic material and the occurrence of 
chemical inhibitors (Webster & Benfield 1981). Since conifer needles are richer in chemical 
inhibitors, with high amounts of polyphenolic compounds and a protective coverage of vax, 
the rates of evergreen breakdown within streams is considerably lower than for deciduous 
trees (Millar 1974; Barlocher et al. 1978; Barlocher & Oertli 1978). The smaller deciduous 
inputs might thus be of larger importance for the consumers than the coniferous litter within 
the streams.  
 
The biomass of aquatic mosses varied both among samples collected at the same sampling 
occasion, at different sample occasions, and within and among sites (Table 4, Fig. 3a). 
Mosses were mainly growing on rocks within the stream, and moss coverage of rocks was 
largely heterogeneous, most likely due to differences in favourable climate for moss growth 
within smaller spatial scales, which might explain the large variability among the collected 
samples. Mosses are believed to mainly serve as substrate for consumers within streams 
rather than as a food source (Webster & Benfield 1986). However, in a study by Hughes et al. 
(2009), primary producers were found to rely on mosses as a food source. The dependence 
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was hypothesized to be greater in low-productive, oligotrophic rivers. Mosses were more 
enriched in δ15N than all the macroinvertebrates (data not shown), which indicate that 
mosses may not be a significant food source for boreal stream macroinvertebrates. 
 

4.2 Macroinvertebrate populations and allochthony  
Differences in allochthony between the studied taxa followed the feeding strategies 
associated with the different invertebrate groups. Mayflies were the taxa with the lowest 
allochthony of the studied species (Fig. 5), supporting the assumption that mayflies mainly 
are scrapers feeding on benthic algae. Mayflies were only present at two sites, C5 and C15 
that were the sites with the highest light intensity (Table 3), possibly sustaining a higher 
production of algae at those sites.  
 
Midges (mainly gathering-collectors) had an allochthony close to mayflies, suggesting that 
midges largely utilized autochthonous C sources. Midges in site C5 did however have a higher 
mean allochthony than the midges for the other sites, even though the preconditions for 
primary production (i.e., light) were favourable at the site. C5 is positioned at the lake outlet 
of Lake Stortjärnen (Fig. 1); stream water chemistry and OC resources might thus be 
influenced by the lake. Lake littoral zones have been shown to have higher retention times of 
organic material in relation to streams (Johnson et al. 2004), possible fuelling the stream 
with OC well colonized by microorganisms. Moreover, C5 was one of the two sites containing 
the highest abundance of moss cover, which may retain large amounts of terrestrial OC, 
making it accessible for consumers during longer time periods. Gathering-collectors have 
been shown to prefer material that is highly colonized by microorganisms (Cummins and 
Klug 1979), following this, midges at site C5 might simply have had easy access to an equally 
good food source, and at higher concentrations, than nutritious algae.  
 
Caddisflies are generally assumed to be shredders feeding on CPOM (coarse particulate 
matter > 1mm), while stoneflies are not associated particularly to one of the three groups, 
and often exist over the whole range of different feeding strategies (Cummins & Klug 1979). 
Shredders are believed to be highly abundant in small streams due to a low algal production 
and a high terrestrial C loading (Vannote et al. 1980), the caddisflies and stoneflies could for 
those reasons be expected to be more abundant as shredders within the streams. The mean 
allochthony of the caddisflies were however below 50 % for all streams except for C1, and 
within the range of 13.15-69.69% for the stoneflies (Fig. 5). The lower allochthony than 
expected might incline that both caddisflies and stoneflies had species present with different 
feeding strategies than leaf shredding, or that they were opportunists, feeding on the food 
sources easiest available during different time periods.  
 
Blackflies are considered to be filter feeders, which are believed to mainly utilize FPOM (fine 
particulate matter, <1mm) (Cummins & Klug 1979). Blackflies were the species with the 
second highest allochthony, most likely relying on decomposed allochthonous material 
within the streams, given the low amounts of algae measured at the sites (Table 4). Blackflies 
at site C5, which was the lake outlet site, did not capture an autochthonous signal coming 
from the lake. The influence of an adjacent lake to stream consumers allochthony might 
however depend on the productivity of the lake.  
 
Worms obtained the highest allochthony of the studied taxa (Fig. 5). Since worms are 
sediment dwellers (Palmer et al. 2000) where allochthonous residues most likely are the 
most available C source, the high allochthony was not surprising. The allochthony of worms 
were however lowest at site C5 and C15, which were two of the low allochthony sites, possible 
indicating a preference for algae when available. Due to the high allochthony of worms at the 
streams (63.6-97.6%) and the differing relative biomass of worms in relation to the total 
biomass of invertebrates between sites (Appendix V: Table A1), worms had a great impact on 
the mean biomass-weighted allochthony (all samplings and taxa groups combined) at the 
streams. 
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The macroinvertebrates with the highest biomass within the streams (Fig. 3b, Table 6) were 
species generally considered to utilize terrestrial organic matter; blackflies by filtering FPOM, 
and caddisflies through digestion of more coarse organic matter (Cummins & Klug, 1979). In 
a study by Stenroth et al. (2015) also conducted in the county of Västerbotten, Sweden, the 
most common aquatic taxa found were midges, stoneflies and caddisflies, taxa also found in 
high abundances within the streams of this study. The abundance of caddisflies increased in 
density during the last sampling, as well as stoneflies, most likely as a response to the 
increased leaf litter inputs during leaf senescence (Fig. 3a-b).  
 
The relative proportion of taxa-specific biomass of the total macroinvertebrate biomass for 
each stream showed a difference in taxa groups contributing with most weight to the 
biomass-weighted mean allochthony of the streams (Table 6, Appendix V: Table 1). Since 
allochthony differed between taxa groups (Fig. 6), the invertebrates occurring in highest 
densities within each stream thus influenced the biomass-weighted mean allochthony 
estimates. For instance, the influence of macroinvertebrate composition was especially 
evident at C1, which was the stream with the highest biomass-weighted allochthony, and C7, 
which had the lowest biomass-weighted allochthony. Both streams had a large difference in 
the biomass of worms. Worms were the taxa that had the highest allochthony of all the 
invertebrates (Fig. 6), and occurred in much higher quantities in C1 than in C7 (Table 6, 
Appendix V: Table 1). Site C7 had overall a much lower biomass of worms than the other 
streams, which might have contributed to the low biomass-weighted allochthony at that site, 
and the high biomass-weighted allochthony at site C1.  
 
The relative species abundance at C5 and C15 differed from the other streams (Fig. 4), most 
likely due to catchment characteristics and stream abiotic and biotic factors influencing the 
community composition within streams.  As previously mentioned C15, and C5 were the only 
sites were mayflies occurred, which mainly are grazing species. Since C5 and C15 also were 
lower in biomass-weighted allochthony compared to C1 and C9, there was likely a higher 
availability of autochthonous C at those sites. This might have resulted in an overall higher 
abundance of species that preferentially feed upon algae compared to the other sites, thus 
explaining the differentiation in relative species abundance at those sites (Fig. 4). Diversity 
has been found to decrease with increasing canopy cover, water acidity and water colour 
(Petrin et al. 2008), which might further explain the higher species presence and taxa 
abundance at C15 (Table 5). Site C1, C7 and C9 had a higher forest percentage (Table 1), and a 
lower light intensity and lower water temperatures than site C5 and C15 (Table 3), conditions 
possible resulting in an unfavourable environment for the biota at those sites.  
 

4.3 Mixing model allochthony vs. Biomass-weighted allochthony 
Both the mixing model mean and the biomass-weighted mean allochthony shifted between 
sampling occasions (Fig. 8). This has important implications for other stable isotope studies: 
depending on when invertebrates are sampled during the season, different allochthony 
results might thus be obtained with or without biomass-weighted calculations. When mean 
allochthony was calculated for all samplings combined, the mixing model mean and the 
biomass-weighted mean converged on similar values, both when means were calculated for 
all streams combined, and separately for each site. Mean values based on several samplings 
over the season, even without the additional efforts of biomass measurements, might thus 
give a more representative mean estimate for the total allochthony of the stream.  
 
A larger separation between the mixing model estimate and the biomass-weighted estimate 
was seen when mean allochthony estimates was compared between sampling occasions (all 
sites combined) and between site specific mean values over sampling occasions (Fig. 8). It 
might thus be important to take the relative consumer biomass into account when estimating 
allochthony in order to avoid having invertebrates that are abundant in very small amounts 
influence the mean allochthony in a non-representative way, since that taxa will have the 
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same impact on the mean allochthony as a much more abundant taxa when the allochthony 
is not biomass-weighted.  
 

4.4 Spatial and temporal differences in biomass-weighted allochthony 
The biomass-weighted mean allochthony for all sampling events ranged between 43.5 - 61.5 
% among the streams, with the largest difference between site C1 and C15 (Fig. 7). The largest 
difference in biomass-weighted allochthony was hence 18 % between streams when all 
sampling dates were combined. The lowest biomass-weighted allochthony was found at C15 
which was the largest stream, however, following the general belief, and the first hypothesis 
of this study, that autochthonous support would increase with stream size, decreasing 
terrestrial inputs, and increasing autochthonous OC production, C9 would have been 
expected to have a lower allochthony than the streams that were more close to each other in 
stream size (C1, C7 versus C9). This was however not the case; site C9 had the second highest 
allochthony (60.92 %), and was thus higher in allochthony than the two of the smaller 
streams C5 and C7 (Fig. 8). Moreover, there did not seem to be a pattern that the smaller 
streams had an allochthony closer to each other than to the larger streams. Thus, differences 
in allochthony did not seem to be connected to stream size or catchment size within this 
study. As previously discussed, a lower allochthony did not seem to follow the quantities of 
the autochthonous C pools, and an increase in algal densities with increased stream size was 
not observed. The allochthony between the sites thus seems to rather depend on indirect 
factors regulating the C sources entering or being produced within the stream, such as 
canopy openness and the composition of the riparian vegetation in connection to the streams 
or other distinct catchment characteristics such as the lake within the catchment of site C5. If 
allochthony in relation to C stocks would have been further investigated within streams with 
larger separation in stream size, more pronounced decreases in allochthony with increased 
stream size might have emerged.  
 
The support of allochthonous C within the food web was hypothesized to increase with 
increasing allochthonous input upon leaf senescence in fall. The differences in allochthony 
over season varied among sites, probably due to high heterogeneity of the catchment, 
providing varying preconditions for resource availability within the streams. There were no 
significant increases in allochthony over the season (Fig. 8), however, towards the last 
sampling, when leaf senescence had occurred; allochthony between the streams became 
more similar. Site C15 did not follow the pattern of the other streams with an increased 
allochthony at the last sampling occasion. This might incline that the leaf litter inputs at C15 
were not as important for the consumers at that stream as within the smaller streams, 
supporting the idea that consumers within larger streams and rivers are less dependent upon 
allochthonous C sources as hypothesized in the river continuum concept (Vannote et al. 
1980). However, the more evident difference in allochthony at C15 compared to the other 
streams was not as clear for the six previous sampling occasions as for the last sampling, 
which might be connected to dissimilarities in available C sources throughout the season.  
 

4.5 Conclusion 
Smaller streams are believed to be subject to higher allochthonous C inputs than larger 
streams (Vannote et al. 1980; Pusch et al. 1998; Likens, 2010); this assumption was true for 
the streams within this study (Table 4). The higher amounts of needles and DOC at the 
smaller streams did however not coherently give a higher allochthony compared to the larger 
streams (Fig. 8), likely due to lower nutritional quality of needles and that consumers cannot 
consume DOC as an direct food source. Since the most abundant terrestrial C pools within 
the streams were material generally considered recalcitrant, the allochthonous C available 
might thus not have constituted a sufficient food source for the consumers. This might have 
caused the lack of response in allochthony within the high allochthonous C sites. In 
deciduous forests a stronger link between leaf litter mass, invertebrate biomass and 
production, and consumer allochthony percentages would be expected, due to the higher 
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palatability and nutrient content of deciduous leaf litter (Rosset, Barlocher & Oertli 1982; 
Allan & Castillo 1995; Wallace et al. 2015).  
 
The result of this study shows a disproportionately high reliance on autochthonous C by 
consumers, in relation to the low algae densities relative to terrestrial C, and the low rates of 
gross primary production (Hotchkiss et al. unpublished data) within the studied streams. 
This indicates that consumers within small boreal streams are more dependent on 
autochthonous C, than previously thought. A higher light intensity in combination with the 
site-specific community composition seemed to be of more importance for the streams 
overall mean allochthony, than the relative stream size per se.  
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Appendices 
 

I. 𝛅𝟐𝐇 of water as well as terrestrial and aquatic organic material. 
 
Table A1. δ!H of water and terrestrial and aquatic organic material collected at the Krycklan catchment. 

Site 𝛿!𝐻 (‰) 
Algae 

𝛿!𝐻 (‰) 
Aquatic 

Moss 

𝛿!𝐻 (‰) 
Aquatic 
Grass 

𝛿!𝐻 (‰) 
Water 

𝛿!𝐻 (‰) 
Spruce 
Needles 

𝛿!𝐻 (‰) 
Sphagnum 

𝛿!𝐻 (‰) 
Birch Leaf 

Land 

𝛿!𝐻 (‰) 
Birch Leaf 

Stream 
C1 - - - -89.9 -129.2 -154.0 -140 -153.0 
C5 -214.6 - -181.5 -80.3 -154.1 -155.3 -146.1 -164.3 
C7 - -193.1 - -91 -131.0 -175.0 -149.7 -165.0 
C9 -247.4/ 221.1 - - -88.9 -147.3 - -166.9 -164.4/-167.4 

C15 -229.1/ 171.1 - -164.8/-169.7 -89.2 -143.4 -165.8 -166.6 -170.4 

 
  



 

 

II. DOC concentrations and algal densities within the streams 
 
Table A1. DOC concentrations (n=16, mg/L) and algal densities (n= see table, Chl-a/ug cm2) within the studied streams C1, 
C5, C7, C9 and C15. 

Site DOC 
(mg/L) 

Algae 
(Chl-a/ ug cm2) 

 
n 

C1 23.8 ± 2.1 1.0 ± 0.1 240 
C5 20.2 ± 0.8 0.4 ± 0.1 240 
C7 27.3 ± 2.7 1.2 ± 0.1 396 
C9 17.8 ± 1.6 0.9 ± 0.1 270 
C15 14.1 ± 0.9 0.6 ± 0.1 240 
Krycklan- 
Average 20.64  ± 1.0 0.85 ± 0.03 1386 

 
 
Table A2. Literature values of organic C to chlorophyll a ratios from cultures and natural algae populations in marine 
environments, from which algal densities per gC m-2 was calculated. Numbers are from the lower range of the C/Chla-a ratio 
found in literature, which resulted in the most realistic algal densities given what was observed in the stream.  
 

  Ratio C/Chl-a Literature 
20 Taylo et al. 1997 

14.7 Hobson & Pariser 1971 
30 Lefevre et al. 2003 

23.5 Antia et al. 1963 
19 Thomas 1970 

28.6 Perry 1976 
34.5 Strickland et al. 1969 
20 Brussaard 1995 



 

 

III. Total species list for the studied streams in the Krycklan catchment 
Table A1. ID list of the species present at the streams in the Krycklan catchment, letters in bold represent insect orders. 

 

ID LIST C1 C5 C7 C9 C15 

Nematoda x x     x 

Lumbricidae         x 

Lumbriculidae x     x x 

Tubificidae x x x x x 

Hydracarina x   x x x 

Ephemeroptera           

Ephemerella aurivilli         x 

Leptophlebia marginata   x       

Leptophlebia sp.   x       

Nigrobaetis niger         x 

Baetis rhodani       x x 

Baetis subalpinus         x 

Baetis fuscatus         x 

Baetis sp.         x 

Plecoptera           

Amphinemura borealis         x 

Amphinemura sp. x       x 

Protonemura meyeri         x 

Nemurella picteti x x x     

Nemoura avicularis         x 

Nemoura cinerea x x x x   

Nemoura flexuosa x       x 

Nemoura cinerea/flexuosa x x x x x 

Nemouridae   x       

Brachyptera risi x     x x 

Isoperla sp.         x 

Diura nanseni         x 

Leuctra nigra x x x x x 

Leuctra fusca         x 

Leuctra digitata         x 

Leuctra fusca/digitata         x 

Capnopsis schilleri       x x 

Trichoptera           

Rhyacophila nubila         x 

Rhyacophila sp.   x     x 

Plectrocnemia conspersa x x x x   

Ceratopsyche silfvenii         x 

Agapetus ochripes         x 

Silo pallipes         x 

Limnephilidae x   x x x 

Potamophylax sp.   x       



 

 

 
  

Micropterna sp.     x     

Chaetopteryx villosa     x   x 

Apatania stigmatella         x 

Sericostoma personatum         x 

Megaloptera           

Sialis fuliginosa         x 

Coleoptera x         

Hydraena gracilis         x 

Oulimnius sp.         x 

Elmis aenea         x 

Agabus guttatus x x x     

Diptera            

Simulidae x x x x x 

Ceratopogonidae x x   x x 

Pericoma sp.         x 

Berdeniella sp.         x 

Tanypodinae x x x x x 

Tanytarsini   x x x x 

Orthocladinae x x x x x 

Pedicia sp.   x x     

Dicranota sp. x x x x x 

Eloeophila sp. x   x x x 

Scleroprocta sp.         x 

Chrysopilus aeratus     x     



 

 

 
 

IV. Allochthony per stream and macroinvertebrate 
 

 
Figure A1. Allochthony (%) of the sampled macroinvertebrates (blackflies, caddisflies, mayflies* midges*, stoneflies and 
worms) at each site (C1, C5, C7, C9 and C15), shown by site. * = Mayflies were only present at C15 and C5, midges were 
not present at C15. 

 

 
Figure A2. Macroinvertebrate specific allochthony (%) of the sampled macroinvertebrates (blackflies, caddisflies, mayflies* 
midges*, stoneflies and worms) at each site (C1, C5, C7, C9 and C15), shown by macroinvertebrate. * = Mayflies were only 
present at C15 and C5, midges were not present at C15. 
 
 
 
 
 



 

 

 
 
 
 
 

V. Relative percentage of total macroinvertebrate biomass per taxa group 
 
Table A1. Relative percentage per taxa group of total macroinvertebrate biomass for the studied streams (C1, C5, C7, C9 and 
C15). 

Taxa group C1 C5 C7 C9 C15 

Blackflies 20.6  33.5 36.0 28.6 21.2 
Caddisflies 11.7 34.8 30.4 23.9 35.7 

Stoneflies 29.5 1.4 19.2 19.8 15.1 
Mayflies not present 0.9 not present not present 12.4 

Midges 7.4 16.3 13.1 15.3 not present 
Worms 30.9 13.2 1.3 12.3 15.6 
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